Stroke and Alzheimer's disease, two diseases that disproportionately affect the aging population, share a subset of pathological findings and risk factors. The primary genetic risk factor after age for late-onset Alzheimer's disease, ApoE4, has also been shown to increase stroke risk and the incidence of post-stroke dementia. One mechanism by which ApoE4 contributes to disease is by inducing in neurons a resistance to Reelin, a neuromodulator that enhances synaptic function. Previous studies in Reelin knockout mice suggest a role for Reelin in protection against stroke; however, these studies were limited by the developmental requirement for Reelin in neuronal migration. To address the question of the effect of Reelin loss on stroke susceptibility in an architecturally normal brain, we utilized a novel mouse with induced genetic reduction of Reelin. We found that after transient middle cerebral artery occlusion, mice with complete adult loss of Reelin exhibited a similar level of functional deficit and extent of infarct as control mice. Together, these results suggest that physiological Reelin does not play a strong role in protection against stroke pathology.
Introduction
As the population ages and we implement better treatments for heart disease and cancer, the rates of neurological diseases, including Alzheimer's disease (AD) and stroke, are skyrocketing. Stroke now affects 800,000 Americans annually, and nearly 500,000 new AD cases are diagnosed in the U.S. each year. 1, 2 These diseases overlap to some extent, since dementia is a common long-term consequence of stroke, 3, 4 and after stroke there is an increase in amyloid (Ab) and phosphorylated tau, the two characteristic markers of AD pathology. 5, 6 The shared pathological findings of AD and post-stroke recovery are mirrored by the identification of a common genetic risk factor, the e4 isoform of Apolipoprotein E (ApoE4), which increases AD and cerebrovascular disease risk, as well as the likelihood of post-stroke dementia. [7] [8] [9] Additionally, a role for ApoE4 in stroke susceptibility is supported by the finding that ApoE4-targeted replacement mice have larger infarct volumes and motor functional deficits following middle cerebral artery (MCA) inclusion. 10 ApoE4 shares a common receptor, apolipoprotein receptor 2 (ApoEr2), with the neuromodulator Reelin. ApoE4 induces neuronal resistance to Reelin, which promotes AD pathogenesis by leaving neurons susceptible to Ab toxicity. 11 Though several studies have investigated the impact of ApoE4 in stroke, studies on the role of Reelin are limited. The microRNA miR-200c, which targets and eliminates Reelin, is transiently elevated post-stroke, and treatment with an antagomir of miR-200c increases Reelin levels slightly and reduces infarct size. 12 Additionally, Reelin knockout (reeler) mice exhibit impaired recovery and larger infarct size following MCA occlusion. 13 However, Reelin is required for neuronal migration, thus the severe disorganization of the reeler brain confounds these findings, 14 and miR-200c has many targets in the brain, such as Zeb1. 15 Consequently, the requirement for Reelin in stroke protection remains unresolved.
We recently established a novel Reelin conditional knockout mouse (cKO) mouse that allows us to bypass the developmental requirements for Reelin. 16 To determine the effect of adult loss of Reelin on stroke susceptibility in the context of normal brain architecture, we subjected cKO mice to transient middle cerebral artery occlusion (tMCAo). In contrast to the previous findings in Reeler mice, Reelin cKO mice were no more susceptible to ischemic injury than control mice, as there was no difference between the two groups in either infarct size or post-stroke behavioral deficits. Taken together, these results suggest that Reelin plays a much smaller role in stroke pathology than previously thought.
Materials and methods Animals
All animal care protocols were followed in accordance with the Institutional Animal Care and Use Committee of the University of Texas Southwestern Medical Center and according to the Association for Assessment and Accreditation of Laboratory Animal Care guidelines. B6.Cg-Tg(CAG-cre/Esr1)5Amc/J mice, referred to as CAG-Cre ERT2 mice in the text, were obtained from Jackson Laboratories. 17 The Reln fl/fl mice were generated in our lab previously. 16 The two lines were bred together to hemizygosity for CAG Cre and homozygosity for Reln fl/fl . Animals were group-housed in a standard 12-h light cycle and fed ad libitum standard mouse chow. Male littermates were separated into two groups of animals, whereby Reelin was conditionally knocked out or not, depending on the presence or absence of the Cre driver, respectively. All experiments and surgeries were performed by a blinded experimenter. Reporting of animal experiments below complies with ARRIVE guidelines.
Experimental timeline
Two-month-old Reln fl/fl mice with or without CAG Cre were given daily intra-peritoneal injections for five days with 135 mg/kg tamoxifen (Sigma-Aldrich, St. Louis, MO, USA) dissolved in sunflower oil. Ten days after the last tamoxifen injection, mice were trained on the Rotarod task. The following week, mice received a 45min tMCAo. Two days later, the mice were assessed for motor impairment on rotarod. Later that afternoon, mice were sacrificed. The cerebella were removed and flash frozen in liquid nitrogen for analysis of Reelin levels, with the remaining brain subjected to triphenyltetrazolium chloride (TTC) staining.
Rotarod test
Mice were placed on a Rotamex rotarod apparatus (Columbus Instruments, Columbus, OH, USA), facing away from the experimenter. The rod initially rotated at 2 r/min and then accelerated at a rate of 1 r/min/5 s until the mice fell off the rod or 300 s passed. The time to falling off or the first ''spin,'' where the mouse completed a full rotation holding on to the rod, was considered the end of the trial. The mice received four trials per day with a 15-min inter-trial interval. Mice were trained until they reached 'asymptote,' which was defined as the point at which their learning no longer improved. For most mice, this was around day 4; 48 h after tMCAo, mice were tested again with four trials on the Rotarod to determine motor impairment.
Reelin analysis and Western blotting
Cerebella from experimental animals were analyzed to confirm Reelin knockout. After dissection of the cerebral hemispheres for TTC staining, cerebella were flash frozen in liquid nitrogen. The tissue was homogenized in radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris [pH 8.0], 150 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% NP40) with protease and phosphatase inhibitors (Sigma-Aldrich, St. Louis, MO, USA), then centrifuged at 14,000 r/min for 15 min at 4 C. Protein concentration was determined using the DC Protein Assay (Bio-Rad, Hercules, CA, USA); 15 lg of protein was resolved on 4-15% polyacrylamide gels (Bio-Rad, Hercules, CA, USA) and then transferred to nitrocellulose membranes. Blots were blocked in blocking buffer (LI-COR, Lincoln, NE, USA) and then incubated overnight in anti-Reelin primary antibody (G10, 18 1:1000). Membranes were washed, incubated in donkey anti-mouse 800 secondary (LI-COR, Lincoln, NE, USA, 1:3000), and then imaged using the Odyssey CLx Infrared Imaging System (LI-COR, Lincoln, NE, USA). All conditional knockout animals used in this study had less than 5% residual Reelin, and thus none were excluded on the basis of incomplete knockout. tMCAos Animals were anesthetized with 2% isoflurane/70% NO 2 /30% O 2 and kept warm on a heating pad at 37 C. A small incision was made to pull the muscle back from the skull and reveal the MCA for Doppler flowmetry. To induce a transient occlusion, an intraluminal suture was inserted into the common carotid artery to block blood flow into the MCA. A transcranial Laser Doppler (Moor Instruments, Wilmington, DE, USA) detected successful MCA occlusion, defined as a greater than 80% reduction in blood flow compared to baseline value. The occlusion duration was 45 min, during which time mice were allowed to recover in a 37 C incubator. Mice were then re-anesthetized and continued occlusion confirmed by Doppler. The occluding suture was then removed. A successfully reperfused MCA was defined as one that returned to more than 50% initial blood flow. Mice that did not meet both occlusion and reperfusion criteria were removed from the study. Out of a total group of 31 mice, 1 cKO mouse was not successfully occluded, 1 cKO and 1 control mouse died during tMCAo, 1 control mouse died the night after tMCAo, 1 cKO and 1 control mouse reperfused during the 45-min tMCAo, and 1 cKO mouse did not reperfuse after 45 min. These mice were removed from analysis, leaving a total of 13 control mice and 11 cKO mice. To evaluate stroke severity during occlusion and at two days post-stroke, mice were scored using a modified Neurological Severity Score. 19 Mice received a score from 0 (no observable deficit) to 4 (unable to walk spontaneously), though 3 mice failed to have deficit scores recorded.
TTC staining
Mice were sacrificed two days after tMCAo, shortly after rotarod testing. The brains were immediately sliced using a metal matrix into 1 mm coronal sections. Sections were immersed in 2% 2,3,5-triphenyltetrazolium chloride (TTC) (Sigma-Aldrich, St. Louis, MO, USA) in phosphate-buffered solution (PBS), which selectively stains active mitochondria. The sections were stained until they reached an appropriate color, and then the TTC solution was replaced with 4% paraformaldehyde (PFA). After 24 h in fixative, sections were arranged on glass slides and scanned. The sections were visualized using ImageJ (NIH, Bethesda, MD, USA), and the size of the infarct was quantified by a blinded observer. The indirect infarct was calculated as [contralateral hemisphere volume -(ipsilateral hemisphere volume -infarct volume)] and was used to account for swelling of the infarct. 19 The percentage of edema present was calculated as [(ipsilateral volume -contralateral volume)/ contralateral volume] Â 100.
Cresyl violet and alkaline phosphatase staining
Mice were transcardially perfused with PBS, followed by fixative solution with 4% PFA in PBS. Brains were post-fixed in 4% PFA at 4 C overnight and stored in PBS with 0.02% NaN 3 at 4 C. Brains were embedded in 5% agarose (in PB), and 50 mm sections were cut with a Leica VT 1000S Vibratome. Slices were stored in PBS.
Brain sections rostral to the hippocampus were used for Cresyl Violet and Alkaline Phosphatase histological staining techniques. For Cresyl Violet staining, slices were arranged on slides and air-dried. Slices were rinsed with H 2 O prior incubation in 0.1% Cresyl Violet solution for 15 min. Excessive stain was removed by incubating the slices serially in 70% ethanol for 3 min, 95% ethanol for 2 min, and 100% ethanol for 2 min. The slices were cleared in Xylene for 5 min and mounted with Permount (Fisher Scientific). For Alkaline Phosphatase staining (VECTOR Laboratories), floating sections were incubated in the substrate working solution (according to manufacturer's protocol) until the desired staining intensity was obtained. Slices were rinsed in PBS, arranged on slides, and mounted with mounting medium (VectaMount). Stained slices were imaged with a NanoZoomer (Hamamatsu).
Statistical analysis
A priori power analysis was performed using G*Power software 20 (Universitat Dusseldorf, Germany) to determine the sample size needed to yield 80% power for detecting an effect of Reelin loss on stroke severity. We first determined the average infarct volume based on prior studies of 45-min tMCAo in control mice, 102 mm 3 . 21 We then assumed that Reelin loss would produce a 40% increase in infarct volume. We calculated an effect size of 1.75 (mean 1 -mean 2 )/s, where mean 1 was 102 mm 3 , mean 2 was mean 1 times 1.4 (143 mm 3 ), and s was defined as the SD of the mean of infarct volume, 23.2 mm 3 . This effect size was used in an a priori power analysis for a two-tailed t-test to detect a difference between two independent means. The results indicated that a sample size of seven mice per genotype would be required to achieve an 85% power for detecting an effect size of 1.75. Subsequent sample size exceeded this estimate.
Data were analyzed using GraphPad Prism software (version 6.0, GraphPad Software, San Diego, CA, USA). Statistical comparisons were evaluated using the two-tailed unpaired Student's t-test, except for the neurological deficit scores, which were evaluated using the Mann-Whitney rank-sum test, and the pre-stroke rotarod, which was evaluated by a two-way rmANOVA. Data are shown as the mean AE SEM, and statistical significance was set at p < 0.05.
Results

Confirmation of Reelin knockout
Reelin is required for normal brain development and thus Reelin knockout (reeler) mice have severely altered brain architecture and a variety of behavioral deficits. 14 Recently generated CAG Cre ERT2 ; Reln fl/fl conditional Reelin knockout (cKO) mice allow for ubiquitous inducible loss of Reelin and bypasses the developmental requirement for Reelin. 16 Experimental timeline for induction and tMCAo is shown in Figure 1(a) . We confirmed that all conditional knockout (cKO) mice had efficient Reelin reduction following tamoxifen injection. All cKO mice exhibited a complete loss of Reelin at both the 380 kDa band, reflecting full length Reelin, and the 180 kDa band cleavage product (Figure 1(b) ) in cerebellar tissue, a region unaffected by the tMCAo.
Reelin cKO mice show similar levels of acute post-stroke injury
To determine the effect of adult Reelin loss on post-stroke infarct damage, we performed TTC staining on acutely prepared brain tissues. tMCAo-induced infarct volumes were similar between the cKO (36.00 AE 7.80 mm 3 ; n ¼ 11) and control (44.59 AE 6.86 mm 3 ; n ¼ 13) groups. While tMCAo infarct size was variable, and potentially confounded by the modest impact of the tMCAo, there was no statistically significant effect of Reelin loss on indirect infarct size (p ¼ 0.4157) (Figure 2(a) ). Conditional loss of Reelin also did not significantly affect ipsilateral hemispheric swelling between groups (cKO: 0.75 AE 1.71% vs. control: À1.49 AE 1.32 %; p ¼ 0.3046; Figure 2(b) ).
We previously found that adult loss of Reelin does not accelerate AD-related amyloid pathology, but does increase synaptic susceptibility to amyloid toxicity, resulting in cognitive impairment in the presence of elevated Ab. 16 Here, it similarly could be possible that while Reelin loss does not accelerate stroke pathology, it does leave mice more susceptible to functional deficits. cKO mice exhibited between a mild to moderate impairment (average score 1.91 AE 0.11) immediately following tMCAo induction (Figure 3(a) ) using a standard 0-5 deficit scale, with some improvement at two days post-tMCAo (average score 1.46 AE 0.13; Figure 3 (b)). Importantly, there was no significant difference compared to control mice at either initial impairment (average score 1.95 AE 0.14; p ¼ 0.99) or recovery (average score 1.29 AE 0.07; p ¼ 0.37).
Since the tMCAo injury often spans motor cortex and striatum, we wanted to see if there was a specific effect on motor function. Prior to tMCAo, mice were trained daily on the rotarod task until they hit a ceiling on their learning, which took three to five days. We confirmed our prior results that adult loss of Reelin does not significantly affect acquisition of the rotarod task in uninjured mice 16 (Figure 3(c) ). Two days after tMCAo, mice exhibited a significant reduction in motor function compared to pre-stroke baseline for both the cKO (pre-stroke: 85.11 AE 6.87 s vs. post-tMCAo: 47.96 AE 10.31 s; p ¼ 0.0031) and control (pre-stroke: 76.76 AE 6.73 s vs. post-tMCAo: 57.07 AE 9.51 s; p ¼ 0.038) groups. There was, however, no significant difference in the magnitude of deficit between the two genotypes (two-way repeated measures ANOVA, p Time < 0.003, p Genotype n.s. p Interaction n.s.; Figure  3(c) ). Taken together, these behavioral results suggest that adult loss of Reelin causes no additional functional impairment during the acute stage of recovery following tMCAo.
Finally, to confirm that our results were not affected by physiological differences in brain structure or vasculature between control and cKO mice, we performed Cresyl Violet and Alkaline Phosphatase staining. Between the two genotypes, no qualitative differences were observed in the anatomy (Figure 4(a) and (b) ) or the brain vasculature (Figure 4(c) and (d) ). Additionally, we evaluated the difference in cerebral blood flow (CBF) by Doppler flowmetry at multiple time points during the procedure. There was no 
Discussion
In this study, we examined the physiological role Reelin plays in protection against ischemic injury. We found that mice with induced genetic reduction of Reelin during adulthood exhibited similar injury following transient stroke compared to control mice for both infarct size and behavioral impairment two days after stroke. These results suggest that endogenous Reelin does not play a large role in short-term stroke recovery. Previous studies into the role of Reelin in stroke pathology have been limited. Reelin levels are transiently reduced post-stroke, and Reeler mice have increased susceptibility to tMCAo. 12, 13 Though Reeler mice have grossly normal cerebral vasculature, which permits induction of tMCAo, Reeler mice have severe architectural deficits, including complete disruption of cortical and hippocampal layering, and extreme hypofoliation of the cerebellum, which leads to a characteristic ataxia. 14 Moreover, Reeler mice have a reduction in spine density and impaired neurogenesis. 22 It is possible that it is these developmentally regulated structural changes, and not loss of endogenous adult Reelin, that lead to increased stroke size in Reeler mice. Our finding that adult cKO mice -which have normal brain architecture but undetectable Reelinhave no increased susceptibility to tMCAo supports this hypothesis.
The modest reduction of Reelin post-stroke is due to upregulation of miR200-c shortly after ischemia, which has Reelin as one of its targets. 12, 23 Antagonism of miR200-c protects against tMCAo; however, whether this effect is mediated by Reelin was previously unclear. Here, we show that Reelin loss does not affect immediate tMCAo recovery, in contrast to miR200-c, the inhibition of which is protective 24 h post-tMCAo. 12 miR200-c has numerous targets that have been primarily investigated for cancer-related mechanisms, 24 as well as several targets implicated in brain function, such as very low-density lipoprotein receptor (Vldlr) and zinc finger E-box-binding homeobox 1 (Zeb1). 15, 25 Vldlr, as one of the two canonical receptors for Reelin, is unlikely to be the main target of miR200-c in stroke, given our finding that loss of Reelin has no significant effect on tMCAo. However, there are Reelin-independent functions of Vldlr 26 that cannot be excluded. Conversely, Zeb1 enacts part of the protective response to ischemia by repressing transcription of a pro-apoptotic isoform of p73, 27 and thus its reduction by miR200-c may mediate the negative effect of miR200-c on post-stroke recovery. Given our negative findings in the cKO mice, Zeb1 is a strong candidate to mediate the effect of miR200-c.
The data presented here reflect an acute effect following a transient, relatively mild, stroke. Though we have shown endogenous Reelin is not required for the immediate recovery two days after stroke, this does not preclude a role for Reelin in long-term recovery after ischemia. A subtle deficit may be present if the poststroke recovery time was extended to cover the course of weeks, rather than days. Moreover, the stroke model used in this study was a transient ischemia lasting only 45 min, which induces a relatively moderate infarct and motor impairment. It is possible that Reelin is more important for recovery from more severe strokes. To investigate this possibility, we initiated studies using permanent MCAOs; however, since this model results in a high mortality rate and our preliminary results indicated there was no significant effect of Reelin loss after transient stroke, we did not continue for ethical considerations.
Additionally, while our data indicate that endogenous Reelin is not required for post-stroke protection, this does not preclude a protective effect of exogenous or augmented Reelin. Exogenous application of Reelin enhances learning and memory in vivo, and overexpression of Reelin enhances cognitive function in a mouse model of AD. 28, 29 Moreover, exogenous application of Reelin enhances learning in a mouse model of Angelman disease, 30 which does not involve Ab toxicity, suggesting the ability of Reelin to strengthen synapses in ailments outside of Alzheimer's. It is possible that treatment with Reelin supplementation or a small molecule that increases Reelin levels could have a therapeutic effect on stroke; however, more studies are required to determine the effectiveness of raising Reelin levels in stroke protection.
We previously found that ApoE4 induces Reelin resistance due to alterations in vesicle trafficking, causing neurons to be more susceptible to damage by Ab. 11 ApoE4 in humans may induce a partial Reelin deficiency, contributing to disease pathogenesis. Since ApoE4 individuals have more negative outcomes following stroke, 9 we wanted to investigate the contribution of loss of Reelin signaling to stroke susceptibility. Our current studies show that loss of Reelin signaling is not likely to be the driver of increased stroke susceptibility in ApoE4 individuals, thus other mechanisms by which ApoE4 could impact stroke outcome must be considered. In AD, ApoE4 accelerates the deposition of Ab. 31 Patients with post-stroke dementia have high levels of Ab, and mouse models of AD that overproduce Ab are more susceptible to ischemic brain damage. 32, 33 In addition to its effect on Ab levels, possession of the ApoE4 allele causes patients to be more susceptible to cerebral amyloid angiopathy (CAA) and cerebral hemorrhage, a finding mirrored in mouse models of AD. 34, 35 CAA also independently increases susceptibility to stroke in both patients and mice. 36, 37 Thus, ApoE4 may mediate its effect on stroke outcomes both through Ab deposition and development of CAA. Moreover, since Reelin protects against Ab toxicity, 38 it is possible that the reason we observed no significant effect of Reelin loss on stroke recovery is that mice do not express human Ab. Thus, repeating the tMCAo experiments in an Ab-overproducing mouse model may reveal a role for Reelin in stroke recovery. However, it is important to note that in the absence of human APP and Ab, mice expressing ApoE4 are more susceptible to stroke than ApoE3 mice, thus ApoE4 must have some effect independent of its effect on Ab. 10 One hypothesis could be the effect of ApoE4 on glutamate receptors and glutamate reuptake, which may lead to increased susceptibility to excitotoxicity. 39 Taken together, our results show that complete loss of Reelin expression in the adult results in no exacerbation of acute deficits caused by ischemic insult. While this does not preclude a role for Reelin in long-term ischemic injury, or even a protective effect of exogenous Reelin, it does suggest that the mechanism by which ApoE4 impedes stroke recovery is Reelin-independent. Future studies will have to investigate the alternative means by which ApoE4 contributes to stroke pathology.
